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Abstract
This study was designed to investigate whether ther-
motolerant roots exhibit respiratory acclimation to
elevated temperatures. Root respiratory acclimation
traits in response to increasing temperatures were
compared between two Agrostis species contrasting in
heat tolerance: thermal A. scabra and heat-sensitive
A. stolonifera. Roots of both species were exposed to
17, 27, or 37  C. Root RGR declined with increasing
temperatures from 17  Ct o3 7 C in both species;
however, root growth of A. scabra maintained a signiﬁ-
cantly higher RGR than A. stolonifera at 27  Co r3 7  C.
A. scabra exhibited a signiﬁcantly higher respiration
acclimation potential to elevated temperatures, both in
the short term (60 min) and in the long term (7–28 d)
as compared with A. stolonifera, when temperatures
increased from 17  Ct o2 7 Co rf r o m2 7 Ct o3 7 C.
Thermal A. scabra also maintained a signiﬁcantly lower
maintenance cost than A. stolonifera as temperatures
increased to 27  Co r3 7 C. The results suggested that
root thermotolerance of thermal A. scabra was associ-
ated with both short-term and long-term respiratory
acclimation to changes in temperatures. The superior
ability of adjusting the rate of root respiration to
compensate for increases in carbon demand during
short- or long-term temperature increases in the heat-
tolerant A. scabra may result in the reduction in carbon
expenditure or costs for maintenance, leading to
extended root survivability in high temperature soils.
Key words: Acclimation, grass, heat tolerance, high temperature,
root respiration.
Introduction
High temperature is one of the most important environ-
mental factors limiting growth and productivity of plant
species from temperate climates. Shoot responses to high-
temperature stress have been studied extensively. How-
ever, mechanisms of root growth and survival at high
temperatures have been investigated much less than those
pertaining to above-ground plant organs. Roots play
a critical role in regulating plant adaptation to high
temperature stress (Udomprasert et al., 1995; McMichael,
1999; Rachmilevitch et al., 2006b). The fundamental
question about how roots maintain growth and func-
tion under high soil temperature conditions is not well
understood.
Physiological processes that are essential for root
growth include carbohydrate metabolism. Maintaining
high carbon-use efﬁciency at high temperatures is of
fundamental importance, because roots depend solely on
shoots for the supply of assimilates. Carbon supply to
roots typically decreases while root respiratory carbon
consumption increases at high temperatures. Excessive
consumption of assimilates for the maintenance of roots
may be a signiﬁcant factor limiting plant productivity,
particularly under stressful environments (Penning de
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ticularly low maintenance cost, has been associated with
high-temperature adaptation and root survival for various
plant species (Hendrick and Pregitzer, 1993; Bouma et al.,
1997; Gunn and Farrar, 1999; Rachmilevitch et al.,
2006b).
Temperature is an important factor affecting respiratory
rates of plants. Temperature sensitivity of respiration is
often expressed as Q10, the ratio of respiration rates per
10  C increase in temperature (Lambers, 1985). Root Q10
values vary from 1.1 (Higgins and Spomer, 1976) to 2.9
(Tjoelker et al., 1999), depending on plant species, growth
conditions, and tissue physiological conditions. Long-term
exposure to speciﬁc temperatures can result in respiratory
acclimation, which is the adjustment of respiration rates to
compensate for a change in temperature (Atkin et al.,
2000). Thermal acclimation of root respiration has re-
ceived far less attention than acclimation of above-ground
processes (Xiong et al., 2000). The limited data on root
acclimation to elevated temperatures suggest that the
ability for root respiration acclimation varies with plant
species. Some species such as Festuca ovina (Fitter et al.,
1998) and Poa annua (Gunn and Farrar, 1999) exhibit full
acclimation or homeostasis, while others such as Dactylis
glomerata (Gunn and Farrar, 1999) show no ability for
acclimation of root respiration. Plants with a large degree
of acclimation show less variation in root growth rate with
temperature than those with a low degree of acclimation,
suggesting that acclimation in respiration coincides with
acclimation in growth rate (Gunn and Farrar, 1999;
Kurimoto et al., 2004b). Atkin et al. (2000) estimated that
the amount of CO2 released per year through respiration
by plants exhibiting respiration homeostasis is only half
the amount of that released by plants lacking homeostasis
when temperature increased. Therefore, the responses of
root respiration to temperatures may be important for
plant acclimation to long-term exposure to high temper-
atures in terms of carbon economy. However, it is unclear
whether the variation in short-term or long-term respira-
tory response to elevated soil temperatures is associated
with differences in root adaptation to high-temperature
conditions.
AC 3 perennial grass species, Agrostis scabra (‘thermal’
rough bentgrass), has recently been identiﬁed growing in
geothermally heated areas in Yellowstone National Park
(Stout and Al-Niemi, 2002). It survives or even thrives in
the chronically hot soils with temperatures up to 45  C
(Tercek et al., 2003) and avoids further increases in
temperatures by ﬂowering early (Tercek and Whitbeck,
2004). In contrast, temperatures above 24  C are detrimen-
tal for common C3 grasses used as turf or forage in cool
climates (Dipaola, 1992). The fact that thermal A. scabra
can grow in soil temperatures that are above lethally high
temperatures for other C3 grass species suggest that these
plants may possess some unique mechanisms enabling
their survival of heat stress. The mechanisms of root
survival up to such high temperatures for this C3 grass
species are not well understood. Our previous studies
suggest that efﬁcient carbon utilization in thermal A.
scabra may be involved in root survival under high soil
temperatures (Rachmilevitch et al., 2006a). Heat tolerance
of roots could be related to their ability to maintain a high
respiratory efﬁciency by lowering their maintenance
requirements (Rachmilevitch et al., 2006b, 2007), how-
ever, how root respiratory acclimation or dynamic
changes in respiration responding to short-term or long-
term temperature increases may be involved in root
thermototlerance has not been studied. Thermotolerant
roots may exhibit greater acclimation of their respiration
in response to increasing soil temperatures, and thus
control carbon expenditure for long-term survival.
The objective of this study was to investigate whether
root tolerance to high soil temperature is associated with
the capability of short-term and/or long-term respiratory
acclimation in response to elevated temperature by
comparing two Agrostis species contrasting in heat
tolerance. Thermal A. scabra is adapted to geothermally
heated soils in Yellowstone National Park, and A.
stolonifera is a high-temperature sensitive cool-season
perennial grass that is widely cultivated as turf or forage
grass in cool-climate regions. Root respiration responses
to short-term (minutes) and long-term (weeks) of exposure
to high soil temperatures were examined in both species.
Materials and methods
Plant materials
A. stolonifera (cv. Penncross) plants were collected from mature
ﬁeld plots at Hort Farm II, Rutgers University, NJ, USA. A. scabra
plants were propagated in a greenhouse at Rutgers University from
seeds collected from geothermally heated areas in Yellowstone
National Park, Wyoming. Plants (8–10 tillers) of each species were
established in sand in polyethylene bags (5 cm in diameter and
40 cm in length) with holes at the bottom for drainage. Plants were
watered daily and fertilized twice a week with a nutrient solution
containing 1 mM KNO3, 0.2 mM CaSO4, 0.35 mM KH2PO4,2m M
MgSO4, 0.2 g l
 1 Fe-Na-EDTA, and micronutrients (Epstein,
1972). After 6 weeks of establishment in the greenhouse, plants
were transferred to a controlled-environment growth chamber
(Conviron, Winnipeg, Canada) with a constant temperature of
17  C (day/night), a 14 h photoperiod, 60% relative humidity, and an
irradiance of 450 lmol m
 2 s
 1 (photosynthetically active radiation)
at canopy height. Plants were acclimated to growth-chamber
conditions for 1 week prior to exposure to different temperature
treatments.
Treatments and experimental design
Plants in polyethylene bags (total of 225), were placed in PVC
tubes with an open bottom installed in specially designed water
baths (40 cm deep, 30 cm wide, and 60 cm in length), and the tubes
extended from the bottom of the water bath. The system was
designed to enable plant growth in well-drained sand while
allowing the root-zone temperature to be controlled. The entire
3804 Rachmilevitch et al.root-zone (a 40 cm long sand column in a polyethylene bag) was
kept in the water bath, while the turf canopy was kept approx-
imately 1.0 cm above the water level. A detailed description of the
water baths has been presented previously (Wang et al., 2003) and
used in various previous studies (Rachmilevitch et al., 2006a, b).
Roots were exposed to a constant day/night temperature of 17,
27, or 37  C for 28 d in water baths, while shoots were maintained
at 17  C day/night air temperatures. Each temperature treatment was
repeated in ﬁve water baths. The water bath temperature was
controlled with an immersion-circulating heater. Root-zone temper-
ature was monitored daily using thermocouples located in the root-
zone at a depth of 10 cm. The experiment was a split-plot design
with temperature as main plot and grass species as sub-plot with
ﬁve replicates for each species and temperature treatment.
Determination of root relative growth rate (RGR)
Roots of ﬁve replicates were washed free of sand. Root dry weight
was determined at weekly intervals, from the ﬁve replicates for each
specie and plot, following drying in an oven at 80  C for 72 h. RGR
was determined as the slope of the natural logarithm of root dry
mass versus time and expressed as mg g
 1 dw d
 1 (Hunt, 1982).
Root respiration measurements
Root respiration rate was measured following the procedure
described by Rachmilevitch et al. (2006a). At weekly intervals
following the initiation of the temperature treatments, roots were
washed free of sand and transferred to 500 ml Erlenmeyer ﬂasks
containing the nutrient solution used to fertilize the plants as
described above. Shoots were sealed by a rubber stopper and
vacuum grease around the bases into an Erlenmeyer ﬂask maintain-
ing a 150 ml air space with 400 ml nutrient solution. The
hydroponic solution in each ﬂask was aerated via a recirculating
pump (Apollo Enterprises Inc. Oxnard, CA, USA), maintaining an
open ﬂow system. Flasks were submerged in water in a water bath
to maintain root temperatures at 17, 27 or 37  C, while shoots were
exposed to ambient air temperature (17  C) in the growth chamber.
After a 24 h period, a closed ﬂow system was created by connecting
the exit air from the Erlenmeyer to a recirculating pump. The rubber
stopper was sealed with vacuum grease and Teﬂon tape in order to
create an air-tight condition. The system was tested for leaks before
each sampling. The air was sampled via a septum valve from each
ﬂask for the measurements of O2 consumption, every 10 min for
a total period of 60 min using 1 ml air-tight syringes. Following O2
sampling, roots were harvested and dried in an oven at 80  C for
72 h. The air samples were analysed via gas chromatography
as described below for respiration measurements.
The concentrations of O2 collected in the hydroponic system
were measured using a thermal conductivity gas chromatograph
(model GC-8AIT, Shimadzu Corporation, Kyoto, Japan) with an
injector connected to an O2 column (model MR62827, Supelco, St
Louis, MO, USA). The column temperature was set at 30  C, and
the detector was a thermal-conductivity detector set at 100 mA. The
sampled air (0.5 ml) was injected into the injection port. Oxygen
concentrations were plotted versus time, and root respiration rates
were determined from the regressions of O2 concentration versus
time. In addition to the closed-ﬂow system for the measurements of
root respiration via gas chromatography, CO2 evolution rate was
also measured using an open-ﬂow system with an infrared analyser
(IRGA) (Li-Cor 6400, Li-Cor, Inc. Lincoln, NB, USA). The
Erlenmeyer’s exit was connected to the sample inlet of the IRGA.
The results were compared with results obtained using the gas
chromatography, and the differences between the two methods were
found to be not signiﬁcant (P >0.1). All the respiration measure-
ments presented in the current study are from the closed-ﬂow
system described above.
Evaluation of short-term and long-term root respiration
responses to elevated soil temperatures
Long-term respiratory response to temperature (LTR) was calculated
as the ratio of respiration rate of roots grown at 37  C to those
grown at 27  C for 7–28 d (LTR37/27) or the ratio of roots grown at
27  C to those at 17  C for 7–28 d (LTR27/17). Short-term
respiratory response to temperature was expressed as Q10, which
was calculated as the ratio of respiration rate of roots grown at
17  C for 7–28 d and measured at 27  C during a 60 min period, to
those grown and measured at 17  C[ Q10(27/17)] or the ratio for roots
grown at 27  C for 7–28 d and measured at 37  C during a 60 min
period to those grown and measured at 27  C[ Q10(37/27)].
Maintenance respiration cost
Using a linear regression approach described by Scheurwater et al.
(1998), speciﬁc respiratory cost for maintenance of biomass and
speciﬁc respiratory cost for growth, including ion uptake of roots,
were determined using the following equation:
Rt¼RmþCðgþuÞ3RGR
The slope of the regression line of the total rate of root respiration
(Rt, mmol O2 g
 1 dw d
 1) versus the RGR gives the speciﬁc
respiratory cost for growth including ion uptake [C(g+u), mmol O2
g
 1 dw]. All regression lines were R
2 >0.8. The y-intercept of the
regression line gives speciﬁc respiratory cost for maintenance of
biomass (Rm, mmol O2 g
 1 dw d
 1).
Statistical analysis
Analysis of variance was conducted (PROC GLM using repeated
measures in SAS 8.02, SAS Institute, Cary, NC, USA) to determine
the effects of temperature and time and their interaction on RGR
and root respiration rate. Treatment means were separated using
Fisher’s least signiﬁcance tests at P ¼ 0.05. The relationships
between RGR and respiration were determined with linear re-
gression equations. Signiﬁcant differences between regression lines




The relative growth rate (RGR) of roots of all plants
exhibited similar growth rates (regardless of treatment
designation) prior to the initiation of temperature treat-
ments (0 d) (Fig. 1). Root RGR of control plants at 17  C
decreased during the 28-d experimental period, which was
associated with root ageing. Increases in temperatures to
27  Co r3 7 C caused more dramatic reduction in RGR
(Fig. 1). In A. stolonifera RGR decreased by 82% after
exposure of roots to 37  C for 14 d, compared with roots
grown at 17  C (control temperature), whereas RGR in
thermal A. scabra decreased by 58% after the same time
of treatment (Fig. 1). Root RGR of A. stolonifera declined
to zero after 21 d and 28 d of exposure to 37  C, whereas





 1 after 21 d and 28 d of treatment,
respectively. The decline in RGR at 27  C, compared with
that at 17  C, was also more pronounced for A. stolonifera
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period.
At 17  C, no signiﬁcant differences in root RGR were
detected between the two species. At 27  C and 37  C,
roots of A. scabra had signiﬁcantly higher RGR than those
of A. stolonifera throughout the entire treatment period.
Root respiration
Root respiration rate was higher as temperature was
elevated from 17  Ct o2 7 Co r3 7 Ci nA. stolonifera
(Fig. 2A), while signiﬁcant increases in root respiration
rate for A. scabra occurred only at 37  C (Fig. 2A). Root
respiration rate in A. stolonifera at 27  C was 31, 47, 83,
and 79% higher than that at 17  C at 7, 14, 21, and 28 d
of treatment, respectively (Fig. 2B). Following 7 d of
exposure of roots to 37  C, root respiration rate in A.
stolonifera was higher by 106% (Fig. 2B) as compared
with 8.5% in A. scabra (Fig. 2A), and after 14 d of
treatment, root respiration rate was higher by 260% in A.
stolonifera, whereas the increase was only 54% in A.
scabra.
Plants of both species maintained similar levels of root
respiration rate under the control temperature at 17  C and
a moderate similar decline through time. As temperature
was increased to 27  Co r3 7 C, root respiration rate was
signiﬁcantly (P <0.05) higher in A. stolonifera compared
with that in A. scabra.
Speciﬁc respiratory cost for maintenance
The correlation between O2-consumption rate and RGR
was used to calculate speciﬁc respiratory cost for
maintenance respiration. The Y-intercept of the regression
line is an estimate of maintenance respiration cost.
Speciﬁc respiratory cost for maintenance increased with
elevated temperatures to 27  Co r3 7 C in both species
(Fig. 3). Roots exposed to 37  C had 300% higher
maintenance cost in A. stolonifera and 98% higher cost in
A. scabra, compared with their respective control at
17  C. Maintenance costs at 27  C were signiﬁcantly
(P <0.05) higher than at 17  C, but lower than at 37  C
for both species.
No differences in maintenance cost were detected
between the two species exposed to 17  C. However, at
both 27  C and 37  C, the maintenance costs in A.
stolonifera were signiﬁcantly (P <0.05) higher than those
in A. scabra (Fig. 3).
Short- and long-term responses of root respiration to
elevated soil temperature
Short-term responses of root respiration to changes in root
temperature were expressed as short-term Q10 values
(Fig. 4). Short-term Q10 was calculated as the respiration
rate of roots grown at 17  Co r2 7 C for 7, 14, 21, and
28 d, but measured at 27  Co r3 7 C during a 60 min
period [Q10(27/17) and Q10(37/27], respectively. Q10 values
of A. scabra were signiﬁcantly (P <0.05) lower than those
Fig. 1. Root relative growth rate (RGR)o fA. scabra and A. stolonifera
exposed to soil temperatures of 17, 27, and 37  C. Error bars represent
standard errors (n¼5).
Fig. 2. Root respiration (mmol O2 g
 1 dw d
 1)o fAgrostis scabra (a)
and Agrostis stolonifera (b) exposed to soil temperatures of 17, 27, and
37  C. Error bars represent standard errors (n¼5).
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measured at 27  C[ Q10(27/17)] or grown at 27  C and
measured at 37  C[ Q10(37/27)] (Fig. 4). The differences in
Q10 between the two species were more pronounced with
prolonged exposure to elevated temperatures. For A.
stolonifera, Q10(27/17) was signiﬁcantly (P <0.05) higher
than Q10(37/27) at 14, 21, and 28 d of treatment. However,
no signiﬁcant differences in short-term Q10 were detected
in A. scabra whether plants were grown at 17  Ca n d
measured at 27  C or grown at 27  C and measured at 37
 C until 28 d of treatment.
The long-term respiratory response to temperature
(LTR) was calculated as the ratio of respiration rate of
roots grown at 37  C to those grown at 27  C( LTR37/27)
or of roots grown at 27  C to those grown at 17  C
(LTR27/17) (Fig. 5). Both LTR27/17 and LTR37/27 were
signiﬁcantly (P <0.05) higher in A. stolonifera than in A.
scabra during the 28 d treatment period. The differences
in LTR27/17 and LTR37/27 between the two species became
greater with prolonging the duration of the treatment from
7 d to 28 d. No signiﬁcant differences were found
between LTR37/27 and LTR27/17 for A. stolonifera or A.
scabra.
Discussion
The optimum temperature for cool-season plant growth is
generally between 10  C and 24  C; however, in many
areas soil temperatures often reach injuriously high levels
during summer which strongly inﬂuence shoot and root
growth and the survival of whole plants (Paulsen, 1994).
Plant species vary in heat tolerance, which is largely
related to root thermotolerance. Soil temperatures of 23  C
or above are detrimental to root growth and other
activities of A. stolonifera (Pote et al., 2006), while roots
of thermal A. scabra can grow at soil temperatures up to
45  C in geothermal areas (Tercek et al., 2003). Previous
studies have reported that the superior tolerance to high
soil temperatures of thermal A. scabra was manifested by
its ability to maintain higher root viability, cell membrane
stability, and nitrate uptake under prolonged exposure to
high soil temperature, compared with heat-sensitive A.
stolonifera (Rachmilevitch et al., 2006a, b). The present
study found that root relative growth rate of thermal A.
scabra was 1.6 times higher that that of A. stolonifera
during 28 d of exposure to 27  C. By 21 d and 28 d of
exposure to 37  C, thermal A. scabra still maintained
Fig. 4. Short-term Q10 values of Agrostis scabra and Agrostis
stolonifera grown at soil temperatures of 17  C and 27  C for 7, 14,
21, or 28 d. Q10 was calculated as the ratio of root respiration rate
grown at 17  C and measured at 27  C to those grown and measured at
17  C (27/17  C) or the ratio for roots grown at 27  C and measured at
37  C d to those grown and measured at 27  C (37/27  C). Error bars
represent standard errors (n¼5).
Fig. 5. Long-term respiration ratio (LTR10)o fAgrostis scabra and
Agrostis stolonifera grown at soil temperatures of 17, 27, and 37  C for
7, 14, 21, and 28 d. LTR10 was the ratio of the respiration rate of roots
grown at 37  C to those grown at 27  C (37/27  C) or the ratio of roots
grown at 27  C to those at 17  C (27/17  C). Error bars represent
standard errors (n¼5).
Fig. 3. Speciﬁc maintenance respiration rates (mmol O2 g
 1 dw d
 1)o f
Agrostis scabra and Agrostis stolonifera exposed to soil temperatures of
17, 27, and 37  C. Error bars represent standard errors (n¼5).
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 1 d
 1), whereas
root growth of A. stolonifera completely ceased
(RGR¼0). These results conﬁrmed that roots of thermal
A. scabra, adapted to chronically high soil temperatures
in the geothermal areas in Yellowstone National Park,
had superior thermotolerance, as compared with com-
mon temperate grass species, such as A. stolonifera.
Many metabolic factors may be involved in root tol-
erance to high temperature, but this study suggested that
root thermotolerance could be associated with the
adjustment of root maintenance respiration and respira-
tory acclimation.
Respiration is sensitive to temperatures within the
plant’s physiological range. When roots were exposed to
soil temperatures of 17, 27, and 37  C, total respiration
rate and maintenance respiration cost increased signiﬁ-
cantly with increasing soil temperatures from 17  Ct o
27  Co r3 7 C; however, the relative change with tem-
perature and the absolute values of total root respiration
rate and maintenance cost were signiﬁcantly less in
thermal A. scabra than those in A. stolonifera. Respiration
is a major sink for carbohydrates. Fast respiratory rates
have long been proposed to be a primary factor re-
sponsible for root growth inhibition (Heichel, 1971;
Barneix et al., 1984; Lambers et al., 1996). The results in
this study suggest that the capacity to restrict the increase
in root respiration rate and maintenance cost at high
temperature conditions in thermal A. scabra contributes to
its greater capacity to maintain root growth and survive at
high soil temperatures. Down-regulation of maintenance
processes and subsequent decreases in root respiration can
conserve carbon and energy which may prolong root
survival at high temperatures.
As discussed in the Introduction, root respiration
acclimation may be an important factor determining root
tolerance to high temperatures in terms of carbon
economy. It is hypothesized that thermal A. scabra
exhibits greater root respiration acclimation potential, and
thus has a greater ability to maintain growth in high-
temperature soils, as compared with heat-sensitive A.
stolonifera. This hypothesis is supported by the data on
both short-term (Q10) and long-term (LTR) respiratory
responses to increasing soil temperatures when comparing
the two species. Short-term Q10(27/17) and Q10(37/27) values
for A. stolonifera were 2.7 and 1.9, respectively, as
temperature increased from 17  Ct o2 7 Co r2 7 Ct o
37  C, while Q10(37/27) values were 1.6 and 1.3 for A.
scabra, respectively, over the same temperature range.
The lower Q10 values for A. scabra indicate that root
respiration in the thermal species was less affected by
short-term increases in root temperature than root respira-
tion in A. stolonifera, particularly at higher temperatures
(from 27  Ct o3 7 C). In addition, the short-term
acclimation potential of A. stolonifera decreased signiﬁ-
cantly with time when grown under both low and high
temperatures, whereas the short-term acclimation potential
did not change with time for A. scabra when grown under
high temperatures and was signiﬁcantly higher under low
temperatures only after 28 d of treatment (Fig. 4).
Therefore, short-term acclimation potential in the heat-
sensitive A. stolonifera depends on the exposure period to
relatively high temperature, whereas in A. scabra the
exposure period was insigniﬁcant under high temperatures
and under low temperatures was even less sensitive to the
exposure period than heat-sensitive A. stolonifera under
high temperatures.
Long-term exposure to certain temperatures can result in
respiratory acclimation, which may result in respiratory
homeostasis, i.e. the maintenance of identical rates of
respiration in plants grown at different temperatures
(Lambers et al., 1998; Atkin and Tjoelker, 2003;
Kurimoto et al., 2004a). Root LTR values in both species
did not increase signiﬁcantly between 21 d and 28 d of
root exposure to high temperatures, indicating that roots
of both Agrostis species exhibited a steady-state response
to long-term exposure to high temperatures. However, the
degree of long-term response was signiﬁcantly different
between the two species. Root LTR10 values for A.
stolonifera averaged 1.6 at growth temperatures of 17  C
to 27  C and from 27  Ct o3 7 C, whereas LTR values
for thermal A. scabra averaged 1.2 over both temperature
ranges. These results suggest that root respiration of
thermal A. scabra was less affected by increased temper-
atures, after either short-term (minutes to hours) or long-
term (weeks) exposure to higher temperatures when
compared with heat-sensitive A. stolonifera which could
be an important metabolic factor contributing to its
superior ability to tolerate high temperatures. It should be
noted that the long-term response almost reached homeo-
stasis in A. scabra.
In summary, the root thermotolerance of A. scabra is
associated with short- and long-term respiratory acclima-
tion, linked with lower energy requirements for cellular
maintenance in response to increasing temperatures. Root
respiration of thermal A. scabra plants was less responsive
to short-term (minutes) or long-term (weeks) exposure to
high soil temperatures than that of heat-sensitive A.
stolonifera, and the long-term response was close to
homeostasis in thermal A. scabra. This study demon-
strates that respiratory acclimation that allows roots to
adjust carbon expenditure in order to compensate for the
increase in demand for respiratory energy with elevated
temperatures could play important roles in the survival of
grass roots in high temperature soils.
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